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Abstract Reintroductions inherently involve a small
number of founders leading reintroduced populations to be
prone to genetic drift and, consequently, to inbreeding
depression. Assessing the origins as the genetic diversity
and structure of reintroduced populations compared to
native populations are thus crucial to foresee their future.
Here, we aim to clarify the origins of the Alpine marmots
reintroduced in the Pyrenees and to evaluate the genetic
consequences of this reintroduction after almost 30 years
without monitoring. We search for the origins and compare
the genetic structure and the genetic variability of three
reintroduced Pyrenean and eight native Alpine populations
using pairwise genetic distances, Bayesian clustering
method and multivariate analyses. Our results reveal that
the Alpine marmots reintroduced in the Pyrenees origi-
nated both from the Northern and the Southern Alps, and
that, despite these multiple origins, none of the current
Pyrenean marmots are admixed. The reintroduction led to a
strong genetic differentiation and to a decrease in genetic
diversity. This pattern likely results from the small number
of founders and the low dispersal capacities of Alpine
marmots and thus, highlight the necessity to consider both
genetic characteristics and natural history when reintro-
ducing a species.
Keywords Alpine marmots  Marmota marmota 
Reintroduction  Variability  Structuration
Introduction
Reintroductions involve the release of a species into its
native range from which it disappeared within historical
times (IUCN, Anonymous 1998). Although reintroductions
appear as powerful conservation tools, at least a third of the
projects fail (Germano and Bishop 2009), in part due to a
failure to identify a priori targets concerned with assessing
success and to inadequate post-release monitoring (Arm-
strong and Seddon 2008). Although the need for genetic
monitoring of reintroduced populations has long been
recognized (Haig et al. 1990), most studies focus on the
demographic aspects to evaluate the success of reintro-
duction, and genetic states have only recently received
attention (Seddon et al. 2007). However, Armstrong and
Seddon (2008) argue that the progression of reintroduced
populations from the establishment phase to the persistence
phase strongly depends not only on the ability of the habitat
to sustain a population, but also on the genetic makeup of
the reintroduced population.
The restoration of genetic diversity can be especially
challenging because reintroductions inherently involve a
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small number of founders which may retain only a subset
of the genetic variation of the source population (i.e.
founder effect; e.g. Cardoso et al. 2009), as it has been
shown in empirical studies (Williams et al. 2000; Mock
et al. 2004). This effect may further be intensiﬁed by
genetic drift, especially when the number of founders is
small (Nei et al. 1975; Leberg 1993; Sjoberg 1996).
Reduced genetic diversity can impact individual ﬁtness and
decreases the viability and the evolutionary potential of the
populations (Franklin and Frankham 1998). Understanding
the genetic consequences of reintroductions is therefore
necessary to evaluate the success of a reintroduction and to
inform wildlife managers on best practices.
Alpine species are among the species the most threat-
ened by climate change (Sala et al. 2000; Galbreath et al.
2009). Among these species, Alpine marmot (Marmota
marmota) has been found to be highly sensitive to global
warming with body mass, litter size and pup survival being
negatively impacted (Tafani et al. 2013; Canale et al. 2016;
Re´zouki et al. 2016). And, according to the IUCN red list
(IUCN 2015), one of the 14 marmot species is critically
endangered (Marmota vancouverensis), one is endangered
(Marmota sibirica) and one is vulnerable (Marmota
menzbieri). Thus, research on a sister species such as the
Alpine marmots are critical for developing proactive con-
servation strategies on other species with similar life his-
tories. In this context, the Alpine marmot reintroduction in
the Pyrenees represents an interesting case study Pyrenean
populations presumably disappeared after the last glacia-
tion (Herrero et al. 2002). Efforts to establish populations
of Alpine marmots in the Pyrenees began in France in 1948
(Couturier 1955), were intensiﬁed in the 1960s and 1970s
(Ramousse et al. 1993) and continued until 1988 (Ra-
mousse et al. 1992). Although there is no detailed data
about these reintroduction events, estimates suggest that
around 400 marmots from La Vanoise and Mercantour
National Parks in the French Alps were released in the
French Pyrenees (Ramousse et al. 1992, 1993). Quickly,
stable populations were established and probably reach
now more than 10,000 individuals (Lopez et al. 2010)
distributed across the Pyrenees (Lopez et al. 2009).
Although the success of the reintroduction of the Alpine
marmot in the Pyrenees, based on population size is
indisputable, it is still unknown whether this successful
establishment has resulted in a population structure and a
level of genetic diversity similar to that of the source
population. Thus, we compared the genetic structure and
variability of eight native Alpine populations and three
reintroduced Pyrenean populations. Our goals were (1) to
decipher the origin of the reintroduced populations, and (2)
to investigate the consequences of reintroductions on the
genetic structure and diversity. Given historical records, we
expected that the reintroduced Pyrenean mainly originated
from the Vanoise National Park. Due to the rapid demo-
graphic expansion of the reintroduced populations, we
expected that reintroduced populations formed admixed
populations, fused from the source populations and thus,
not genetically differentiated. Moreover, due to the founder
effect, we expected a lower genetic variability in the
reintroduced populations compared to the native
populations.
Materials and methods
Study species
Alpine marmots are territorial, socially monogamous and
cooperative breeding ground-dwelling squirrels inhabiting
alpine meadows (Allaine´ 2000). They live in family groups
of two to 16 individuals composed of a dominant couple,
sexually mature and immature subordinates of both sexes,
and offspring of the year (Allaine´ 2000). A family group
occupies and actively defends a territory including a main
burrow and side burrows (2.5 ± 0.53 ha, Perrin et al.
1993). The status of dominance is established for several
years until the dominant marmot will be evicted by another
individual or will die (Lardy et al. 2011). Within family
groups, reproduction is monopolized by the dominant pair
(Cohas et al. 2006) which inhibits reproduction of same-
sex subordinates (Arnold and Dittami 1997; Hacklander
et al. 2003). At sexual maturity (i.e. 2 years of age), indi-
viduals can stay as subordinates in their natal groups, or
attempt to become dominants by inheriting the dominance
status in their natal groups or dispersing to gain dominance
in another territories. Dispersal distances between the natal
and the dominance territory are usually short (1.4 km for
males and 0.95 km for females, Ferrandiz-Rovira et al. in
prep), even if long distance dispersal (more than 25 km)
can occur (Frey-Roos 1998).
Field methods and sample collection
We captured 338 free-ranging unrelated individuals
between mid-April and mid-July in 2011, 2013 or 2014
from eleven continuous populations (Fig. 1) with a size
large enough (around thirty families) to catch a sufﬁcient
number of individuals from different families and reach a
sufﬁcient statistical power to conduct the genetic analyses
(Table 1). Eight native populations cover the Alpine arc
from North to South: one from the Gran Paradiso, three
from the Vanoise (Aussois, Sassie`re, Tignes), three from
the Ecrins (Chambran, Lautaret, Prapic) and one (Maljas-
set) further south, close to the Mercantour National Park.
Three reintroduced populations were located in the Pyre-
nees (Andorra, Cerdanya, Ripolle`s).
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Following the observation and capture-mark-recapture
protocols used for long-term monitoring of Alpine mar-
mots’ populations (details in Cohas et al. 2008 and Ferrari
et al. 2013), marmots were captured using two-door live
traps baited with dandelions (Taraxacum densleonis) and
placed near the entrances of the main burrows (formed
important mounts of bared soil and stones with several
holes and situated in the middle of the territory) in order to
assign each captured individual to its family group. Traps
were checked every half hour. Once captured, individuals
were anesthetized with Zole´til 100 (0.1 ml kg-1), sexed,
aged from their size (up to 3 years), and their social status
was conﬁrmed through examination of sexual characteris-
tics (scrotum for males and teats for females). All indi-
viduals were marked using a numbered metal ear-tag for
permanent individual recognition. In addition, skin biop-
sies (\1 mm3) were collected with a biopsy punch (Al-
cyon, Lyon, France) on all trapped individuals for genetic
analysis. To avoid bias in the genetic structure estimation
caused by marmots of a same family group being highly
related, we avoided sampling several individuals of the
same family. We sampled the two dominant individuals,
since they are a priori unrelated (Cohas et al. 2008), or only
one subordinate per family.
Microsatellite genotyping
The 338 individuals were genotyped at sixteen
microsatellites following previously validated protocols
(Cohas et al. 2008; Supplementary material 1).
Hardy–Weinberg and linkage equilibrium
Departures from Hardy–Weinberg equilibrium for each
locus and population were tested using Fisher’s exact tests
and linkage disequilibrium was examined for all loci with
exact tests. These tests were carried out with GenePop 4.3
(Rousset 2008). p values were adjusted for multiple
0 40 km
b
Andorra
Cerdanya Ripollès
0 80 km
a
Maljasset
Prapic
Chambran
Lautaret
Aussois
SassièreTignes
Gran Paradiso
Fig. 1 Geographical locations of the eight native populations of Alpine marmots of the Alps (a) and of the three reintroduced populations of the
Pyrenees studied (b). The areas in dark grey in the France map represent the current geographical distribution of the Alpine marmots
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comparisons using the false discovery rate (Benjamini and
Hochberg 1995).
Assessment of the genetic structure
To identify the origin and to understand the genetic
structure of the reintroduced Pyrenean populations, we ﬁrst
determined the level of genetic differentiation between the
populations using pairwise genetic distances (FST and DEST
values) and then we assigned individuals to the eleven
populations studied, using the STRUCTURE Bayesian clus-
tering method (Pritchard et al. 2000; Falush et al. 2007).
Bayesian clustering approaches are based on the assump-
tions that loci are at the Hardy–Weinberg equilibrium and
in linkage equilibrium (Falush et al. 2003). These prereq-
uisites are often violated in natural populations, as here (cf.
Results). Thus, to corroborate the genetic structure inferred
from the Bayesian analysis, we complemented this
approach by two multivariate analyses, implemented in the
adegenet R package (Jombart 2008), that make no
assumptions regarding the underlying data structure and
population genetic model: (1) a Discriminant Analysis of
Principal Components (DAPC, Jombart et al. 2010) and (2)
a spatial Analysis of Principal Components (sPCA, Jom-
bart et al. 2008).
Assessment of the genetic structure using pairwise FST
Genetic distances between populations were quantiﬁed
using pairwise FST values (Weir and Cockerham 1984)
tested for signiﬁcance using the exact test implemented in
GenePop 4.3 (Rousset 2008). To test for an isolation by
distance pattern of genetic differentiation between pairs of
populations, we tested for a correlation between the matrix
of genetic distances (linearized Fst = FST/(1-FST)) and
the matrix of log-transformed geographical distances using
Mantel tests (9999 permutations, Mantel 1967) imple-
mented in the ade4 package (Dray and Dufour 2007). We
considered either all populations or the native Alpine
populations only. Since the geographic distances between
the reintroduced Pyrenean and the native Alpine popula-
tions are up to ten times larger than within Alpine or
Pyrenean mountain ranges, we conducted partial Mantel
tests to ensure that the isolation by distance was not due
only to these huge geographic distances. The partial Mantel
test was performed using the package vegan (Oksanen et al.
2015).
Assessment of the genetic structure using the STRUCTURE
Bayesian clustering method
We used the Bayesian model-based clustering algorithm
implemented in the software STRUCTURE 2.3.4 (Pritchard
et al. 2000; Falush et al. 2007) to depict the population
structure and to determine the origin of the sampled indi-
viduals. We assumed K, the number of clusters, to vary
from one to eleven (i.e. the numbers of sampled popula-
tions). We ran 20 independent runs for each K value with
1,000,000 Markov chain-Monte Carlo steps and 100,000
burn-in iterations, using the admixture model, and corre-
lated allele frequencies (Pritchard and Wen 2003). We used
the ad hoc statistic DK, based on the rate of change in the
likelihood of the data between successive K values
(Evanno et al. 2005), to determine the most likely number
Table 1 Sample size (N) and within-population genetic variability of the eight populations of Alpine marmots of the Alps and the three
populations of the Pyrenees
Population Mountain
range
Status Longitude Latitude N (number
of families)
Expected
heterozygosity
Observed
heterozygosity ± SE
Allelic
richness ± SE
Aussois Alps Native 451602.9800N 643013.2200E 30 (28) 0.58 0.57 ± 0.03 3.54 ± 0.19
Chambran Alps Native 4454014.6400N 629037.2200E 23 (20) 0.59 0.60 ± 0.04 3.68 ± 0.21
Gran
Paradiso
Alps Native 4534044.9400N 711027.7400E 28 (27) 0.56 0.51 ± 0.04 3.79 ± 0.25
Lautaret Alps Native 452014.5400N 62602.8700E 29 (28) 0.65 0.59 ± 0.03 4.29 ± 0.22
Maljasset Alps Native 4435039.5500N 6500537100E 29 (29) 0.55 0.53 ± 0.05 4.09 ± 0.35
Prapic Alps Native 444105.5100N 622043.4100E 33 (28) 0.54 0.53 ± 0.04 3.70 ± 0.22
Sassie`re Alps Native 4529028.8600N 659021.2700E 56 (32) 0.57 0.54 ± 0.02 3.78 ± 0.18
Tignes Alps Native 4527044.1300N 653059.8800E 29 (21) 0.63 0.59 ± 0.03 4.18 ± 0.27
Andorra Pyrenees Reintroduced 4232022.1500N 138014.9200E 15 (15) 0.44 0.42 ± 0.07 2.71 ± 0.31
Cerdanya Pyrenees Reintroduced 4225025.8700N 144016.2400E 54 (30) 0.46 0.46 ± 0.03 2.91 ± 0.12
Ripolle`s Pyrenees Reintroduced 4221051.5800N 214048.0300E 12 (12) 0.53 0.55 ± 0.08 3.44 ± 0.33
SE: standard error
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of clusters (Supplementary material 2). Evanno et al.
(2005) stated that DK identiﬁes only the uppermost level of
structure and did not detect the potential substructures.
Thus, we also conducted assignment analyses from the
most likely number of clusters (K at DK) to the number of
clusters corresponding to the number of sampled popula-
tions (K = 11; Supplementary material 3).
Assessment of the genetic structure using multivariate
analyses
Assessment of the genetic structure using a DAPC DAPC
provides an efﬁcient description of genetic clusters, using
few discriminant functions. This method seeks linear
combinations of the original genotypes maximizing
between-cluster differences while minimizing within-clus-
ter variation (Jombart et al. 2010). After optimization steps,
the analysis derives the probabilities for each individual to
be a member of each cluster. This coefﬁcient can be
interpreted as the ‘‘genetic proximity’’ of individuals to the
different clusters (Jombart et al. 2010). The optimization
procedure followed three steps. First, we determined the
optimal number of genetic clusters needed to adequately
describe our data using Bayesian Information Criterion
(BIC, Supplementary material 2). As recommended by
Jombart (2014), we set the minimal number of clusters to
one and the maximum to eleven because we did not expect
more than one cluster in each population studied. Second,
we used a cross-validation method to determine the optimal
number of principal components (PCs) to retain. Cross-
validation allows to choose the number of PCs that maxi-
mizes assignment success while minimizing the root mean
squared error. Third, we determined the minimal number of
discriminant functions to retain in order to maximize the
total explained genetic variance. We further performed a
constrained DAPC analysis by setting K = 3 (i.e. the
optimal number of clusters determined using STRUC-
TURE) to compare the assignments obtained with
STRUCTURE and the DAPC.
Assessment of the genetic structure using a sPCA We
ﬁnally used a sPCA to investigate the spatial patterns of
genetic variability using georeferenced genotypes (Jombart
et al. 2008). This method aims to investigate cryptic spatial
patterns of genetic variability using georeferenced geno-
types. It corresponds to a modiﬁcation of the PCA where
spatial autocorrelation between the studied entities is taken
into account. The analysis reveals two types of patterns:
global (inter-population) and local (intra-population)
structures. Global structures display positive spatial auto-
correlation whereas local structures display negative spatial
autocorrelation. The detection of spatial structures uses the
Moran’s index (I; Moran 1948, 1950), which relies on the
comparison of the value of quantitative variables (allelic
frequencies) observed at one site (populations) to the val-
ues observed at neighbouring sites. The sPCA procedure
implies to select the minimal number of positive axes
(representing global structure) and negative axes (repre-
senting local structure) that maximize the variance and the
spatial autocorrelation explained. Relevance to consider
global and/or local structures was assessed using global and
local tests (Jombart et al. 2008).
All analyses involving R packages were conducted with
R 3.1.2 (R Core Team 2014). Unless otherwise stated all
parameters are given with ±standard errors.
Assessment of the within-population genetic
variability
We characterized the within-population genetic diversity
by computing, for each population and all microsatellite
loci, the observed and expected heterozygosity and the
rareﬁed value of allelic richness on randomized subsamples
of twelve individuals (i.e. minimal number of individuals
sampled from Ripolle`s) to avoid bias due to the variable
number of individuals sampled among the different popu-
lations (see Table 1). These two indexes were calculated
with the R package hierfstat (Goudet 2014).
To assess whether genetic diversity differed between the
native and the reintroduced populations, we compared the
observed heterozygosity and the allelic richness of the
native Alpine and the reintroduced Pyrenean populations
using a linear model in which the populations was nested in
the mountain range (Alps or Pyrenees) with the package
stats (R Core Team 2014).
Results
Hardy–Weinberg and linkage equilibrium
Among the eleven studied populations, Andorra, Gran
Paradiso, Lautaret, Sassie`re and Tignes, showed a signiﬁ-
cant deﬁcit of heterozygotes, as indicated by Hardy–
Weinberg equilibrium global tests. Seven out of the 160
population-locus tests, involving different loci and differ-
ent populations, showed a signiﬁcant deviation from
Hardy–Weinberg equilibrium after the adjustment of
p-values for multiple comparisons. Thirty three of the 1154
linkage disequilibrium tests showed signiﬁcant linkage
disequilibrium, after correction for multiple comparisons.
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Assessment of the genetic structure using pairwise
FST
All populations showed signiﬁcant genetic differentiation
(global FST = 0.2 ± 0.01) with Chambran and Lautaret
being the most genetically similar (FST = 0.04), while
Aussois and Cerdanya were the most genetically differen-
tiated (FST = 0.32) (Table 2). The FST among the native
Alpine populations is 0.18 ± 0.01 and 0.22 ± 0.09
between the reintroduced Pyrenean ones.
Geographic distances between the studied populations
strongly explained the observed genetic differentiation
(linearized FST: r = 0.60, p = 0.001; Fig. 2). However,
while the isolation by distance explained the genetic dif-
ferentiation between the native Alpine populations, the
more genetically differentiated populations were the more
geographically distant (r = 0.81, p\ 0.01), it did not
explain the differentiation between the native Alpine and
the reintroduced Pyrenean populations (r = -0.21,
p = 0.92; Fig. 2). The differentiation levels between
Alpine–Pyrenean populations were similar to the differ-
entiation among native Alpine or reintroduced Pyrenean
populations, despite the huge geographic distance between
the Alps and the Pyrenees (Fig. 2).
Assessment of the genetic structure using
the STRUCTURE Bayesian clustering method
The Bayesian model suggested that the eleven studied
populations were structured in three clusters, as indicated
by the strong mode of the DK criterion at K = 3 (Sup-
plementary material 2). The ﬁrst cluster was composed by
four native populations including the three Vanoise popu-
lations (Aussois, Sassie`re and Tignes), and the Gran Par-
adiso population, as well as one reintroduced Pyrenean
population (Ripolle`s) (Fig. 3a). The second cluster was
composed by the three native Ecrins populations (Cham-
bran, Lautaret and Prapic) (Fig. 3a). The last cluster was
composed by the southern native Alpine population (Mal-
jasset) and by two reintroduced Pyrenean populations
(Andorra and Cerdanya) (Fig. 3a). The genetic structure
did not exhibit a strong admixture, although the native
populations of Lautaret and Maljasset could be considered
the most admixed populations (Fig. 3a). The majority
(98.8 %) of our 338 individuals were assigned to a single
cluster with a probability superior to 0.8. Solely individuals
Table 2 Pairwise genetic distances (FST values) between the eight native Alpine populations of Alpine marmots and the three reintroduced
populations of the Pyrenees (Andorran, Cerdanya, Ripolle`s)
Populations Aussois Chambran GranParadiso Lautaret Maljasset Prapic Sassie`re Tignes Andorra Cerdanya Ripolle`s
Aussois –
Chambran 0.213 –
GranParadiso 0.170 0.214 –
Lautaret 0.178 0.035 0.178 –
Maljasset 0.259 0.227 0.241 0.208 –
Prapic 0.260 0.124 0.280 0.160 0.231 –
Sassie`re 0.119 0.186 0.076 0.170 0.229 0.225 –
Tignes 0.128 0.180 0.170 0.145 0.180 0.208 0.145 –
Andorra 0.323 0.265 0.287 0.242 0.208 0.248 0.267 0.238 –
Cerdanya 0.324 0.293 0.289 0.274 0.183 0.277 0.259 0.235 0.05 –
Ripolle`s 0.129 0.248 0.169 0.198 0.270 0.284 0.173 0.153 0.301 0.315 –
All population pairs show signiﬁcant genetic differentiation
Fig. 2 Correlation between the genetic and the spatial structure of the
eight native populations of Alpine marmots of the Alps and the three
reintroduced populations of the Pyrenees studied. Black dots
symbolized Alpine pairs, white dots symbolized Pyrenean pairs, and
grey dots Alpine–Pyrenean pairs
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from native populations were considered admixed: one
individual from Lautaret, two individuals from Maljasset
and one individual from Sassie`re were assigned to a given
cluster with a probability inferior to 0.8. The analyses of
the potential substructures (Supplementary material 3)
revealed that Ripolle`s is closer to Aussois than to the other
Vanoise populations (Sassie`re and Tignes) and the Italian
population (Gran Paradiso). Andorra and Cerdanya
appeared to be the closest to the native population of
Maljasset. These three populations stayed grouped in the
same cluster until K = 6, while Andorra and Cerdanya
stayed grouped until K = 11.
Assessment of the genetic structure using
multivariate analyses
Assessment of the genetic structure using a DAPC
We identiﬁed eight genetic clusters (Supplementarymaterial
2). After the cross-validation procedure (Supplementary
material 2), the DAPC (Fig. 4) revealed that the native Gran
Paradiso and Vanoise (Aussois, Sassie`re, Tignes) popula-
tions were genetically close as were the native Ecrins
(Chambran, Lautaret, Prapic) populations. Secondly, it
highlighted that the native Vanoise populations were
genetically close to the reintroduced Ripolle`s population,
while the native Maljasset population was the closest to the
reintroduced Andorra and Cerdanya populations. These
results perfectly matched those of STRUCTURE (Fig. 3a; Sup-
plementary material 3) and were further conﬁrmed by the
DAPC constrained to three clusters (Figs. 3b, 4b).
Assessment of the genetic structure using a sPCA
The sPCA results were also in agreement with those given
by STRUCTURE and the DAPC. They revealed a global
structure in three clusters (p = 0.001 with 999 permuta-
tions) and the absence of local structure (p = 0.129 with
999 permutations). A ﬁrst cluster was composed of the
native Gran Paradiso and Vanoise populations and the
Aussois Chambran Gran
Paradiso
Lautaret Maljasset Prapic Sassière Tignes Andorra Cerdanya Ripollès
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Fig. 3 Assignment probabilities of the 338 sampled individuals into
the three clusters inferred with a the STRUCTURE Bayesian
clustering method and b discriminant analysis of principal component
(DAPC). Individuals are represented by a vertical line partitioned into
three colored segments that represented the individuals’ assignment
probability to each of the three clusters. Cluster 1 (black) groups the
populations of Aussois, Gran Paradiso, Sassie`re, Tignes and Ripolle`s,
cluster 2 (light grey) groups the populations of Chambran, Lautaret
and Prapic, cluster 3 (dark grey) groups the populations of Maljasset,
Andorra and Cerdanya
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reintroduced Ripolle`s population, a second of the native
Ecrins populations and a last one grouped the native
Maljasset population and the two reintroduced Andorra and
Cerdanya populations. The ﬁrst cluster was genetically
close to the second cluster, which was close to the third
cluster (Fig. 5).
Clusters
Populations 1 2 3 4 5 6 7 8
Aussois 28 - - 2 - - - -
Chambran - 22 - - 1 - - -
GranParadiso - - - - - - 28 -
Lautaret - 29 - - - - - -
Maljasset - - - - - 1 - 28
Prapic - - - - 33 - - -
Sassière - - - 18 1 - 37 -
Tignes 5 - - - - 24 - -
Andorra - - 15 - - - - -
Cerdanya - - 54 - - - - -
Ripollès 12 - - - - - - -
a
b
Clusters
Populations 1 2 3
Aussois 30 - -
Chambran - 23 -
GranParadiso 28 - -
Lautaret - 29 -
Maljasset 1 1 27
Prapic - 33 -
Sassière 55 1 -
Tignes 25 4 -
Andorra - - 15
Cerdanya - - 54
Ripollès 12 - -
Fig. 4 Genetic proximity
among the 338 individuals
sampled from the eight native
populations of Alpine marmots
of the Alps and the three
reintroduced populations of the
Pyrenees (Andorra, Cerdanya,
Ripolle`s) studied obtained by
discriminant analysis of
principal component (DAPC)
deﬁning a eight and b three
clusters. The ﬁrst principal
components PC I (abscissa)
explain respectively a 51.40 %
and b 69.53 % of the total
genetic variance, while the
second principal components
PC II (ordinate) explain
respectively a 19.45 % and
b 30.47 %. Genetic clusters and
their 95 % inertia ellipses
obtained from the DAPC are
shown by different colors. Dots
represent individuals. The
colors of the dots represent the
populations. The grey dots
represent the reintroduced
Pyrenean populations (Andorra:
dark grey, Cerdanya: light grey
and Ripolle`s: grey), the green
dots represent the native Ecrins
populations (Chambran: green,
Lautaret: light green and Prapic:
dark green), the blue dots
represent the native Vanoise
populations (Aussois: blue,
Sassie`re: dark blue and Tignes:
light blue), the yellow dots
represent Gran Paradiso, and the
red dots represent Maljasset.
The tables on the bottom right
give the assignment of the
individuals from the different
populations into respectively the
eight and the three clusters
obtained by the DAPCs. (Color
ﬁgure online)
Conserv Genet
123
Assessment of the within-population genetic
variability
Despite a low level of allelic richness, ranging from
2.71 ± 0.31 in Andorra to 4.18 ± 0.37 in Tignes, the
eleven populations presented a rather high level of
heterozygosity: from 0.42 ± 0.10 in Andorra to
0.60 ± 0.15 in Chambran (Table 1). While the eleven
populations presented different levels of observed
heterozygosity (F = 2.13, df = 9, p = 0.03), their allelic
richness did not differ signiﬁcantly (F = 0.84, df = 9,
p = 0.58). The native Alpine populations showed a higher
heterozygosity and allelic richness than the reintroduced
Pyrenean populations (observed heterozygosity:
0.56 ± 0.01 vs. 0.47 ± 0.01, F = 27.22, df = 1,
p\ 0.001; allelic richness: 3.81 ± 0.12 vs. 3.00 ± 0.16,
F = 13.99, df = 1, p\ 0.001).
Discussion
Our results reveal two distinct origins for the reintroduced
Alpine marmots of the Pyrenees. The Ripolle`s marmots
descend from ancestors living in the Vanoise while the
Andorra and Cerdanya marmots descend from ancestors
living in the Mercantour. None of the reintroduced
marmots originate from the Ecrins. Admixed individuals
were absent in the Pyrenees and the reintroduction has led
to different differentiation patterns (i.e. absence of isolation
by distance in Pyrenees contrary to Alps) and to a decrease
in genetic diversity in reintroduced Pyrenean populations
compared to native populations.
Origins of the reintroduced Pyrenean marmots
The three studied reintroduced Pyrenean populations
clearly have two distinct origins. Ripolle`s is genetically
close to the native Vanoise populations, and more precisely
to Aussois; while the westernmost two reintroduced Pyre-
nean populations, Cerdanya and Andorra, are more closely
related to the southernmost native population, Maljasset
(the geographically closest population to Mercantour), than
to any other native Alpine populations. If Maljasset is the
closest native population to Andorra and Cerdanya, these
two reintroduced populations would probably found their
exact source in populations even more in the South of the
Alps. These results conﬁrm the documented origins of
individuals translocated to the French Pyrenees (Ramousse
et al. 1993). They further reﬁne ﬁndings from Krucken-
hauser and Pinsker (2004), who showed that the individuals
from two populations in the west of the Pyrenees were
closer to populations from Vanoise than from Ecrins.
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Fig. 5 Spatial genetic proximity of the eleven Alpine marmot
populations studied obtained by spatial principal component analysis
(sPCA). The ﬁrst principal component explains 90 % of the total
genetic variance, while the second principal component explains
80 %. The dots represent the eleven populations. The box on the top
right represents the color code for the different axis values and
reﬂects the genetic proximity between populations. The box on the
bottom right gives the eigenvalues of the discriminant functions of the
sPCA
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Given the different localizations of the ﬁve populations
sampled (three from this study and two from the study
by Kruckenhauser and Pinsker 2004), and the lack of
information about the release localization of the individuals
from Vanoise and Mercantour, we cannot conclude that
most actual Pyrenean marmots descend from ancestors
captured in the Vanoise National Park, as previously sug-
gested by (Ramousse and Le Berre 1993).
Genetic structure of the reintroduced Pyrenean
populations
The Pyrenean populations are signiﬁcantly differentiated
from one another. Ripolle`s is the most differentiated and
show virtually no admixture with Andorra and Cerdanya.
This counteracts the colonization scheme previously
accepted: a rapid expansion of the species to the southern
Pyrenees, from an initial reintroduction in the northern
Pyrenees (Gonzalez-Prat et al. 2001). Despite the fact that
marmots are strongly associated with open Alpine mead-
ows, it was suggested that the land use in the Pyrenees and,
more speciﬁcally, the creation of new open habitats at low
elevations for human activities, would have facilitated the
success of the marmots’ colonization (Herrero et al. 1994;
Lopez et al. 2010). Under this scenario, we should observe
strongly admixed individuals and low differentiation
between the Pyrenean populations. On the contrary, our
results indicate that individuals from different Alpine
populations were reintroduced in several localizations and
that the reintroduced populations are still isolated from one
another. Even if signiﬁcantly differentiated, Andorra and
Cerdanya could have a common origin. Thus, with the
three Pyrenean sampled populations, we can identiﬁed at
least two different reintroduction events: one for Ripolle`s
and another for Andorra and Cerdanya.
Genetic structure and variability
between reintroduced and native populations
In the Alps, the farther away populations are located, the
more genetically differentiated they are, with the three
mountain ranges (Vanoise/Gran Paradiso, Ecrins and
Mercantour) appearing as independent genetic units. In the
Pyrenees, the number of sampled populations was too
small to deﬁnitely rule out an isolation by distance. But,
population pairs always appear more differentiated than
Alpine pairs separated by similar distances. In addition,
Pyrenean populations located at the eastern (this study) and
at the western (Kruckenhauser and Pinsker 2004) parts of
the Pyrenees are likely less differentiated, due to their
common Vanoise origin, than populations located in the
central Pyrenees (this study) despite being farther away.
Given the rapid and wide colonization of marmots in the
Pyrenees, the signiﬁcant genetic differentiation in the
reintroduced Pyrenean populations probably reﬂect more
the distinct geographical origins of the founders rather than
the dispersal capacities of the Alpine marmots or the
existence of dispersal barriers in the Pyrenees. The rein-
troductions of the Alpine marmot in the Pyrenees also has
observable consequences on the genetic diversity: a
decrease in heterozygosity and allelic richness is observed
in the Pyrenean compared to the Alpine populations. This
is a rather common pattern reported in several native/
reintroduced population comparisons in a wide range of
taxa (e.g. Williams et al. 2000; Zachos et al. 2009).
Management recommendations
Added to the quick demographic growth (Gonzalez-Prat
et al. 2001) and the rapid geographic expansion (Lopez
et al. 2010), the level of genetic diversity attests to the
success of the reintroduction of Alpine marmots in the
Pyrenees. This success clearly contrasts with the failure of
reintroductions in the Eastern Alps (Borgo 2003). Native
Alpine marmots from the Eastern Alps went extinct,
probably due to over-hunting, in the middle of the 19th
century (Kruckenhauser and Pinsker 2004) and, since then,
several reintroduction attempts were conducted (Preleuth-
ner et al. 1995). Although the differentiation pattern is
similar to the one observed in the populations reintroduced
in the Pyrenees, a huge decrease in genetic variability was
observed in the Austrian reintroduced populations
(Preleuthner and Pinsker 1993; Kruckenhauser et al. 1997;
Bruns et al. 1999) compared to the Pyrenean populations
(this study; Kruckenhauser and Pinsker 2004). For
instance, the Grison reintroduced population (Switzerland)
has an observed heterozygosity of 0.42 and it is below 0.29
in the Eisenerzer Alpen population (east Austrian Alps;
Kruckenhauser and Pinsker 2004).
Such contrast may ﬁnd its roots in the reintroductions
schemes themselves. First, despite the very few details
about the reintroduction in the Pyrenees (Ramousse et al.
1992; Lopez et al. 2010) and in the Eastern Alps (Kruck-
enhauser and Pinsker 2004), which make both the exact
number of introduction events and the sample size of
founders impossible to know, it has been reported that, in
the Pyrenees, around 400 individuals were translocated
between 1948 and 1988 to different places (Ramousse et al.
1992, 1993) and that the recommendations were to use
around ten mature adults, with an equilibrate sex-ratio, for
each reintroduction event (Ramousse and Le Berre 1995).
In the eastern Alps, the reintroduction events covered a
longer time period and the number of founders was lower.
Although the total number of reintroduced individuals of
reached 600, they were reintroduced over 140 years and
with an average of ﬁve individuals per reintroduction event
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(Preleuthner 1993; Kruckenhauser and Pinsker 2004).
Pyrenean individuals were translocated from the most
genetically variable populations located in French Alps,
(observed heterozygosity from 0.57 to 0.72; (Goossens
et al. 2001; Kruckenhauser and Pinsker 2004); the present
study), while individuals reintroduced in the Eastern Alps
were often translocated from non-autochthonous source
populations originating from previous introductions
(Kruckenhauser and Pinsker 2004). The differences in this
initial genetic state were probably magniﬁed by the rapid
demographic expansion of the Pyrenean population
allowed by favorable ecological factors (habitats and cli-
mate patterns in the Pyrenees and in the Alps clearly
coincide; Lopez et al. 2010). This rapid expansion has with
no doubt limited genetic drift while the Eastern Alps
reintroduced populations were exposed to repeated bottle-
necks (Borgo 2003).
Our recommendations could also be helpful for the other
species of the Marmota gender. Among the 14 marmots
species, three are endangered or vulnerable (Marmota
vancouverensis, Marmota sibirica and Marmota menz-
bieri). The Vancouver Island marmot is critically endan-
gered and a study found that the genetic variability is
extremely low (observed heterozygosity between 0.07 and
0.29, allelic richness between 1.27 and 1.64 for eleven
microsatellite loci; Kruckenhauser et al. 2009). A captive
breeding program is currently conducted to restore this
species. It aims to maintain the remaining genetic variation
of the species and manages all captive animals as a single
population even if they come from different regions of the
Vancouver Island and could be locally adapted (Krucken-
hauser et al. 2009). In light of our ﬁndings, we encourage
this program to continue along this line because genetic
variability seems to be primordial for the viability of
reintroduced marmot populations. In the Alpine marmot,
disregard of local adaptation did not hinder genetically
diverse founders to successfully colonize the Pyrenees,
while low genetic diversity seems to have contributed to
the failure of more locally adapted marmots to colonize the
Eastern Alps.
Conclusion
In contradiction with the previously admitted reintroduction
scenario, the use of powerful molecular techniques even
many years after unmonitored releases allows to identify
two distinct origins for the reintroduced Pyrenean popula-
tions. The low dispersal capacities of Alpine marmots and/or
the presence of natural and anthropogenic barriers could
explain why reintroduced Pyrenean populations are still so
genetically differentiated. Despite that Eastern Alps and
Pyrenees offered comparable environments, the contrasted
success rates of reintroductions between the two regions
stress the importance of choosing a sufﬁcient number of
founders as well as founders originating from genetically
diverse native populations to ensure successful reintroduc-
tions. Finally, our study highlights the necessity to consider
both genetic characteristics and natural history in the man-
agement of reintroductions.
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